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FOREWORD

This survey has been prepéred for the Office of Naval Research in
an effort to clarify the present state of ki -idedge regarding the aerc=
dynamics of ducted propeilers. It ic hczed ihe. ol 7ot will ecible
the reader to acquaint himself with the basic problems involved, the work
that has been done up to the present timz, its relative significance,‘and
the areas in which further research appezrs to be needed.

_A large number of individuals, companics, universities and government
agencies (United States and foreign) have dontributed to tie survey. The
anthors wish to acknowledge the:assistahce and coorzration of those who
were visited and of those who were helpful in prcviding reference materiai,

As many references as available, free from'security and other restrict~
icns, have been included in this repért. In some cases re=fercnces were
poovided the Jdontractor without the assurance that additional copies could
be ~ade available for further distribution. Information on the source
of each document is given to the extent known. Most of the German

publications can be ohiainzi from Aerodynamische Versuchsai:stalt Gottingen

{AVA), if they are not available in the United States,
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1. SUMEARY

2

The survey is divided generally into theoretical and experimental

A critical survey is made of the state of the art of ducted propellers.,

-—-ennn\am\n
v adltliy

and a ~omprehensive table of the l_a-tﬁer is oresented showing the type and
extent of cxperimehtal investigations carried out. Specific reporis are
discussed where approvriate, and various aspects of the ducieci propeller
problem are considered in some detail., Finally, a summary of the state

of the art s presented along with some recommendat’ -ns for future research.

v
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2. INTRODUCTION

The first serivus experimental work>onbducted propeller:z was gvidently
pnblished in Italy in 1931'by Luigi Stipa (Ref. 97) who conducted systematic
wind tunnel tests which clearly indicated the benefits to be gained by duct-
ing or shrouding the_propeller for static operation and low speed flight.
Stipa's experiments, in which thé propeller was placed essentially <t the
leading edge of = long hollow fuselége, were based on theoretical reasoning
by “tipa, dating back o about 1327 (see Rel. 506, in which he likensd the
ducfed propeller to an extended nozzle discharging from a plenum chamber.
The results of Stipa's experiments were so promising that the Italian
Geoverament actually built an experimental airplane whose hollow fuselage
corprised the ducted propeller. The control surfaces extended into the
slipstream, and the airplane exhibited increased maneuverability and
reduced landing speed (Ref. 99). |

For some reason, however, in repcrts eminating from Europe, credit
{»5r the invention of thes ducted propeller has generally been givenvto Kort
(Ref . 39) whose paper was published in 193L in Germany. In fact, the ducted
propeller is frequently referred tc as the "Kori noziie®., ~Un the other han&;
a Ruscian paper by Soloviev and Churmack (Ref. 9L). published in 1948, con-
tains a rather lengthy discussibn which refers tq avRussian papef by F. A.
Bricks datea 1887 and therefcre stlates:

"Thege facts should prove that the ussian technological

concent has priority over others and that the idea of agapting

guide nozzles in hydraulic and aercnautical propellers should

be credited to Russianh scientists.t
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slowever, the clas~izal experimeﬁts of ¥riger (Re hl) were evidently
¢arried out in Germany somewhat earlier than the ccmprehensive Rurzeian
exp -~imental work returred to in Reference 4. The analytical work of
P . rence Sl also shows a strong similarity to the work of Kiuchemann and
Wt (Ref. L6), whose analysis was ihe basis tor Kriiger's experimente.
Since these early experiments in the '30's, interest in the ducted
oro. ~ller has become more widespread, particularly no& that hovering
f1ight and vertical take-off have become entirely feasible, Consequently,

“research has since been carried out on this subject in a number of other

ountries including the Netherlands (Refs. 105, 106), F”a_ ce (Ref. 56),

Q

England (Refs, 5. 70V tu=iralia (Refs. 7§-7u. 90, FRY  ame e in

Py ]
’

of Goulh Afrvien . . w07y weowell as tho Untted States.  Very

often, however, eacn investigation, particulariy in the United States,

paprasents AN Jdependant Attemt Lo deal with roms partioular aspect of

the problem, ana u coordinated resesrch program has evidently been lacic-
ing. As a result, it is difficult to find in ‘the 1it¢rature consistent
and meaningful resulis which are directly applicable to the Zeneral ducter!
propeller problem., In order to alleviate this situation, the Office of
Naval Research awarded a contract (Nonr 26”"'v0)) t0 the Advanced Rssearch
or o urpose of caffying out

T

wriginn nf W
isaon ol X

a critical survey of all availabic infermation on ducted propellers.

The aim of this survey is to preduce a clear picture of the state of
the -t and to indicate possible areas of future research. In order to do

this, the follewing approach was taken:

e g e
o LY
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All peiilaent material fer which 6ur own library already had
reference information was acquired, all reporis listed zs references
therein were obtained, and so on. The services of ASTIA were alzo
£nlisted,

Letters of ingquiry were sent out to all known authors and invesli=
gators in the field of ducted propellers both in this country and
abroad. The companies, agenciec and institutions which were con-
tacted are listed in Appendix A,

All references in the maverial thus acquired were checked out.

All ducted>propeller material was read aﬁd reviewed by at least
one research aerodynamicist,

The results of this literacure study were analyzud and personal
visits were then made where appropriate. In some cases; tele-
phéne conversations and further correspondence were carried on.
Vigits were made to the following companies, agencies and

institutions:

Davic: Taylor Model Basin, Washington, I. C.

Doak Adreraft Company, Tofrance, Califernia

Eagtern Research Group, New Tork, New York

Grimman Aircraft Engineering Corporations Long Island, MNew Yopi
Massachusetts Institute of Technology, Cambridge, Massachusetts
NASA Langley; Langley Field, Hamptoh, ?irginia

ONR, Air Branch, Washington, L. C; |

Princeton University, Princeton, New Jersey

Best Availabln Crme




United Aircraft Corporation, Hamilton Standard Division, Windsor

Locks, Connecticut

United Aircraft Corpcration, Research Departiment, Fast Hartford,

Connezticut

Vertol Aircraft Corporaticn, Morton, Pennsylwvania

6. On the basis of all of -the information assimilated, the present

report was vrepared,

-

APRA e ben W e o e
cec ucuveq ran u‘ymyua.a.um

4

During the progress of the survey reported hérein,‘a symposium was
held at the Massachusetts Institute of Technologr for the purpose of pro~
moting an exchange ofvinformatibn among the various investigator: in the
. and

field of ducted propellers. A list of the organizaticns in attcadance an

the papers made available: through that symposium are presented in Appendix B.
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3. GENERAL CONSIDERATIONS

> Copy

3.1 Definition and Scope of Problem

In the present paper, the terms ducted fan and ducted (or shrouded)

propeller are considered to be synonymous. In either case, we shall

mean a propeller or fan which is circumsecribed by a thin ring whose sole

. .
] Tven 2

aerodynamic purpose is to increase the thrust produced by the entire unit.
If the ring ceases to be thin in the axial direction, that is if the lateral
extent of the ring approaches or exceeds its axial length, then the unit
shall be considered as a fan-in-wing arrangement and will be treated sep-
arately. It seems clear that the fan~iﬁ-wing represents a different vrob-
lem, since the circulation flow round the "duct" is restiricted and modified
by its lateral extent, particularly during static operation.

;“Tﬂé ducted propeiier is also distinguished from the compressor by
virtue of its intended purpose; namely, that 6f producing thrust. Thé
purpose of the cémpféssor, on the other ﬁand, is sihply to produce an in-

Crease in pressure across the propeller disk. . That these purposes are

" not necessarily compatible can perhaps best be demonstrated by considering

the "efficiency" of a compresscor and comparing it with that of a ducted

propeller. This will be done in the following section.

3.2 Static Efficiency

The efficiency of a cimpressor in the static condition is defired in

terms of the pressure rise Ap and the volumeiric flow Apv,‘where Ap is the

fan disk area and v is the average velocity throtgh the disk. Thus

Best Available Copy
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where P is the power input. Since the mumerator represents the energy

(1)

added to the flow through the compressor, this expressicn can be written
in the form

~ Slipstream kinetic energy (2}
power input N

Now equation (2) zan easily be applied to the open (unéhrouded) propeller
in the static condition, for which the slipstream velocity is just twice
the velociiy through the disk {Ref. 21). Thus, since the thrust T is
equal to the rate of change of momentum, .

T=o0 ADv (2v) | ‘(3)

where Ap is now propellier disk area. The static efficiency T%'would there-

fore be, from equations (2) and (3},

3
=

eike

1 Y- v
7 e Ay (2v) T v /T8

- " Vot (&)

Since this expression is identical with the usual "figure of merit" M used

in hzlicopter uerformaﬁcej it is clear that, in the case bf the open pro-
peller, compressor efficiency is synenymous with hovering (thrust producing)
efficiency.

Now let us consider the ducted propeller ir the same manner., Here
the final slipstream velocity Ve is no longer equal to twice the velocity

through tne disk, sc we have, in terms of the final wake area, A,
4

s

T o A vf‘ (5)

Dot Moo vom ol ey B y
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oA, vf3 Tv /—]K—

T
T 3 i 2P " 3P (6)

Since the area of the final wake of a ducted propeller is not-known a priori,

and is not easily measured, it is useful to express Af in terms of the

division of thrust Jp/i where lp is the portion of thrust carried on the

propeller. By application of Bernoulli's equation ahead of and behind the
propelicr disk, it can easily be shown that (if the duct losses are small
compared with the disk loading) the pressure jump Ap across the propelier
disk is equal to the dynamic pressure of the final wake. Thus, the pro-
peller thrust is simply

T’*A‘p,.A‘"%png ' | (7)

3
e]

Therefore, from equations (5) and (7),

1 I
« 1 )
L (6)
s5¢ that equation (6) can finally be writien as
T/% LT :
S Y D "R VA -]
JS D 20 ° V T . (9)

Thus, for a ducted @wopeller in the static condition, the compressor
efflciency invelvas not only the figure of merit (ducted nropeller efficiency)
bt also the division of tarust. From equation (9), it can be seen that,
given an ideal compressor efficiency of 1,0, the atta’nment of a high static
figure of merit (i.e., a high thrust per horsepower at a given disk 1oading)

requires further tha* the shvoud tarry 2s high a fraction of the total thrust

>

'
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as possible. In other werds, for the ideal case of 100% compressor

efficiency (*% * 1.0) we have

T/h
s = I_ ’ -3 T )
Mo Vb = T | (10

‘It must be pointed ou® that one could dcfine the figure of merit in
such a way as to make it identical with the compressor efficiency. This
would simply amount to taking the expression of eguation (6) as the

definition of figure of merit. That is,

/“'f

e

M'=-2T—P

The diffienlty with such a definition for the ducied propeller, however,
stems from the fact thaw. the final wake area A, is nct known. Therefore,
in the present report, the figuré of merit will be based on propeller disk

area, so that from eguation (9},

. T
M om ’%\/T’p | (11)

Since a ra*her wide range of ?D/ﬁ for ducted propellers has heen obsarved

eypes wot, (see e.g. Ref. L1l), it is therefore concluded that a good

compress.* design (n—1.0) doecs not necessarily produce a ducted pro-
en i

reller having a high figure of merit.
Tt might be noted hers that, according to equation (10), the ideal

firure of merit M. is enual to unity only if T = Tp, which corrésponds to

4

the apon propeller. As soon as the shroud carvies any thrust at all, the

Best Available Copy
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ideal vaiue of M exceeds unity and is limited only by the portion of thrust

that can be carried on the shrcoud. The fact that Mi is greater than unity
for the ducted propel er need not be a matter for concern; however, .since

it is not a true =fiiciency {as 1s 7 ) but rather is simply a measure of

the total thrust produced per horsepower at a given disk loading.

ussed above, the present survey report will be
concerned primariiy with the ducted pro,eller (or ducted fan) itself as

an entity and will not attempt %o deal with the mass of theoretical and
expcrimental data pertaining tc open propellers; ring wings, and compressers,

all cf which are considered tc be outside the scope of this repori.

3.3 Presentziion of Results

The papers analyzed for this report can be divided essentially into
experimentsl and thecretical investigations, Since the experimental work
Zends itsell to a tabulation of variables‘inVestigated and measurements
takerx3 such tables have been prepared (see Tables I, IT and III) wath
apnronriate rema:ksob The tables and thc papers appearing in the tables
will be discussed at qome iength in section k.2, page 26. On the other
hand, the detail.s of the theoretical work have differed vo much from one

At o
W oud At A Ol

ct
&

P

ere ible. Instead, in

®
P

as

section Loi, 1 7e 13, the main theoretical methods are outlined and dis-

cussed, and the apprcaches taken by the various authors are considered.
Finslly, the list of references contains the material reviewed which

was consicdered to lie within the scope of the present study, as described

previously,

10
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L. SURVEY OF PUBLISHED DUCTED PROPELLER VORK

The addition of the ring or shroud to the propeller has produced not

only a new problem, but a vastly more difficult one than the open propeller.

The primary reason for this is that the mutual influence between propeller

and shroud is such that the aerodynamic behavior of the ducted propeller is

quite differeht from that of either the open propeller our the ring wing. In

addition, the number of wvariables is actually so large as to make a compre-
9

hensive study (either experimental or theoretical) extremely difficult. The

geometric variatles of the problem can conveniently be divided inic duct

variables, propeiler vuriables; and overall o

H
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preliminary 1ist might be

A. Duct variables

1.

2o

chord/diameter ratio

profile thickness/cherd ratio

profile camber

leading edge radius

chord line orientation relative to axis
profile trailing edge angle

position of maximum thickness

B, Fropeller variables

sclidity

overall pitcn settaing

pitch distribution (twist)

blade prefile (thicknocz, comber., cic.)

chord distribution (taper)




Ce- OQOverall variables
1. prepeller Trcoation wlthln ‘shreud
2, ratio of hub.diameter to propelier diameter
3. clearance between blade tips and duct surface
L. centerbody shape (nose shape, tail shape, location of
maximum thickness, etc.)
5. centerbody location relative to shroud

in addition to these purely geometric variables, there are of course
the aprodynamlc variables of angle of attack, advance ratio, Reynolds riumber,
and Mach number. Thus, the enormity of the problem becomes apparent and
would seem to indicate that the probability of‘arriving at an optimum ducted
ign by experiment is essentially nil, The develoﬁment of a
highly efficient ducted propeller wiil therefore evidently regquire a sound
theoretical development supported by carefully selected systematic experi-
ments. The pitfalls of investigating the etfect of a single wvoriable with
the other variahkles arbitrorily fixed should be apparent from tﬁe above
discussion. This paint will be discusseq furtner in the section on experi-
meninl Arograms.

The survey of the pUbLlShed ducted propeller work is d ivided into five
main catepories in this report., The first two deal respectively with theo-
retical and experimental research pertaining to the ducted propeller problem
itself. Thus, mostly single Jucted propeller arrangements are considersd in
these usections, with emphasis on systematic approaches aimed at evaluating
the aerodynamic effects of the variables listed above. The third section is

concernad with corparisons of theory Wluh eryperiment, and the fourth deals




with auxiliary devices, such as extensible slats, retractabls flaps, vanes,
and bourdary layer ccnirol devices, which are aimed at irprovinz ducted

propelier performance and control. The final section is concerned with other

and the effects of interferina bodles, such as additional ducte (as in aerial
jeep confipurations), wing surfaces (fan-in~wing arrangmentsj), ground eifects,
and the like,
L1 Theory

The general theoretical pfoblem of the ducted propeller can be stated
as follows: Given a ring'airfoil of cpecified camber line and thickness
distribution, inside of which exists a pressure discontinuity (normal %o

the axis of symmetry) representing *he propeller disk, determine the flow

field produced in the presence of a uniform free stream of arbitrary direc-

o Y o

tion and magnitude.l From the details of the flow field, one could of course,
by integrating pressurés over the various surfaces, determine the aerodynamic
forces and momentis as well as overall efficiency. The Kutta condition of
finite fluid wvelocity is to be satiéfied at the duct trailinz edge, and the
static nressure in the slipstream must finaliy return to the free-stream
value at infinity,

The problem stated above can be conveniently divided into three flight

conditions, each more or less representing a range of flight speeds fcr VTOL

4

RN . + . - o 3 N .
Bocnuse of the inherent hijgh drag of the shroud at high speeds, practical

invarest in the ducted nropeller has been generally restricted to the low or

. . . . 4 — , - A}
middle subsonic speed range {(ee.g.. Hefs. 72, 3,5,

Best Aval
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aircraft. These are: static operation (hovering flight), axial flow (high-
sted forward flight or &eftical climb), and non-axizl flow (tranzitional
flight). There are certéin features which distinguish these regimes insofar
as the mathematical treatment is concerned. In the static condition, fer

example, 211 the fluid from infinity in all directions must pass through

the propslise di8k, 86 thers 15 mo dividing sbreanline whigh Baparabes the

‘Minternal and "external flow. The non-axial flow regime, on the other
~ hand, is distinguished by the fact that the shape of the wake centerline

is unknown, as well as the shape of the wake itself, The axial flow regime

presents perhaps the most straightforward mathematiczl problem, and has
recei&ed the largest share of attention fiom theoretical work:::.

Since most of the theoretical work which has been dons’ on ducted
propellers and is available in the literéture is concerned with axial flow,
1t is perhaps best to divide this work according to method of analysis. Ihe
classical method of singularities, (2) those employing stri#tiy momentum
cénsideraticns,.and {3) those employing combinations i thuise or other
techniques,. |

1,1,1 Method of Singularities

-
(=31

infinite, jdeal, incompressible fluid due to a potentizl voriex ring have

been known for many years (see e.g., Ref. L7). Furthe -wore, the superposition

of any number of such singularities to produce an arbitrary dictribution of

circulation strength (as along the chord of a duct) is s classical technique
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employed in the soluticn ~f problems in hydrodynumics (see e.g., Ref. Li5).
With these implements at hand, the mathematical problem of thevducted pro-
peller (of zero shroud thickness) can be stated in one of two ways, as
follows: calculate the shroud cémber line associated with a given chord-
wise vorticity distribution (or vice versa), For axial flow, or for the
static condition, the procedure is briefly as follows:

1) Place the specified distribution ¢f vortex rings along a semi-
infinite circular cylinder representing the ducted propeller and
its wake, with the axis Qf symmetry in the free-stream directio:.
The vortex strength rer unit length is eorstant brhind the shrovd
trailing edge and the Katté condition is to be satisfied at the
trailing edge. Calculate thes axial and radial components of in-
duced velccities caused by this distribution of vértex rings,
using the i-itegral expressions given in Reference L5. These
ewyraesions involve elliptic integrals of both the first and
osaond kinds and sre ratiner cumbersome.

¢} Imnose the boundaiy condition that the normal velocity 2% the
shroud surface must vanish everywhere, so that the result:nt

veiocity is parallel to the surface. Thus,

dit =~ 'r
dx V + Vv
o}
where v_ and v_ are the radial and axizl componcnts of the induced
S -

reilocity associated with 1 sgiven vortex distribution., They are
ohtained from the integrols sritien in (1) abov The re_ulting
Functicn B{z) defines the «w:: camber line to a first approximaticn.

()
i

1o et e i T, S 4o
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An iteraticn can be performed by displacing the distribuiion of

A
<
[N

vortex rings from the original assumed circular cylinder onto the
calculated camber line énd it5 wake and repeating steps (1) and
(2). This process is extremely cumbersome and is ordinarily
omitted,

It should be pointed out that the problem outlined above Ls
determination of the flow field, and conseguently the performance; of a
ducted propeller of specified chordwise vorticity distribution. In a
similar fashicn, cne could determine the vorticity distribution associated
with a specified shroud shape. The effects of duct profils thickness and
of centerbodies could also be included by the use of additional distributed
singularities., However, pcrhaps the problem of greatest practiéal interest

“is the determination of an coptimum design for best performance., The |
assumption of either the shroud vorticity distribution or the shfoud shape,

which is raquired for the procedure outlinsd above, precludes the determina-

IR

™

vion of a truly optirmum design. It appears, therefore, that some further

mzathematical condition or relatiorship is required before an optimum vor-
ticity distribution and the associated shroud shape can be determined. If
this could be done, however, the velocity distribution at the propellie. disk
could vhen be calculaled for any location of the gropeller. - The appropriate
sropeller blades éonld then be designed by existing methuds.

If the chord/diameter ratio of the shroud is sufficiently small, then
the asymptotvic expansicn of the elliptic integruls in the velocity components
v, and v_ simplifies the equation of step (2) immensely. Then if each
fairly

section of the shroud is treated as a twoe~dimensisnal thin airfoil.

a]
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simple analytical suviutions can Be obtaine ! by meansfof'conformal MaPDINg. -
This mathematical device was employed by Burggraf (Bef. 2) and enabled him
to predict mathematically the entire pressure distribution and consequently
the forces and moments acting on the shroud in various flight conditions.
The case of non-axisl flow was included, under the assumption that the wake
forms a r'V‘l'in".":'f'.czﬁ. extension of the shroud in the dirsction of the duct
axis. This assumption, of course, limitz thevanalysis to forward spzeds
which are small eomparsd with waké velocity, but the analysis of“Reference
2 represents. the onl& attempt at an applicziion of the method of singulari-
ties to a ducted prereller in non-axial flow. .
More approximate solutions can be obtained; without the assumption of
a small chord/diameter ratio; by assuming the mathematical form Qf the shroud
vorticity distributior [with unspecified coefficients for each term) and sat-
iefying the boundary condition at a numver of points on thelshroud equal to
the number of unknown coefficients. This approaéh was taken by Helmbold

{Ref, 29), who employed a vorticity distribution with a leading—edge‘singu-

- larity and calculated the perfdrmance of a family of shrouds having assumed

!

parabolic camber lines. {In 2 later paper, Helmbold considered the effect
of compressibility on these calculations by applying the Prandtl-Glzusrt
correction to the waké (see Hef., 30).,) On the other hand, Dickmann and
Weissinger (kef. 15), vwho employrnd an elliptic verticity distribution,
assumed the entire vorticity distribution (except fér one paramster cor-
;¢sponding to the pressure Jjump across the propeller disgk; and caleculated

the required shroud camber lines for various lcadings by integrating the

slopes given by the boundary condition on the shroud surfece. An elliptic

L7




vorticity distribution wac =1so assumed by Lerbs {Ref. L8), who carried out

a similar comprehensive analysis but did not present explicit results in the
form of shroud shapes. Both of these reports (Refs. 15 and LB8) represent
comprehensive treatises of the shrouded propeiler problem but suffer from the
iimitation of an assumed elliptic vorticity distribution. Consequently, thi
explicit shroud shapes calculated represent a rather special class of shapes.
In the same sense, the shapes treated by Burggraf and Helmbold répresent
other special classes (f£lat and parabolic, respectively)} of shroud profiles.
Burggrafis analysis, hcwever, is the ¢nly one in which the mathematical form
of the vorticity distributioen was not assumed. On the other hand, Pivko
(ief, 81} who assumed = emall chofd/hiameter ratio, maxes the addtional
assumption that the pertubation veloéities are small compared to the flight
velocity. Such calculations are, of course, invalid for low flight speeds
and particularly for the static condition, The theoretical basis upon which
all of the above works rest is developed and discussed in Reference u45, which
aiso considers the increase in mass flow through the propeller caused by the
duct and po ts out 1 reasons that ducted propellers show consxderably
more promise for static and low-speed cperation than for high speeds., The
mathemazics of whe general ducted propeller provlem were also set out and

further developed by Dickmann in Reference 16.

Le1.2 Momentum Methods

The application of Newtonfs second law to the ducted Dropnllnr D”Ob
quickly yi=lds relat:onahips between thrust and power which are of considerable

interest aud valune, Thus; the total thrust of a ducted propeller in axial flow
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can be expresued as the product of the mass flow per unit time ﬁhrough the
duct and the change in velocity from infinity ahead to infinity bahind the

duct. That is,

¥

= -V ’ 12)
T=p Ay Ve (vf o) | (12)

r .

where the subscript o refers to infinity upstream and f to infinity down-
stream (inside the slipstream). As is thus the area of the final wake.
(A 1list of symbols can be found in tppendix C.)

Iﬁ can easily be shown (Ref, 21) that, for minimum power expended, the
final wakg velocity Ve must.be constant. This does not, however, imply any-
ul the velocity distribution within the shroud (or at the shroud
trailing edge), which must ¢#nend on the details of the configuration. vIn

a similar manner, the power required in axial flow (in the absence of duct

losses, blode profile drag. etc.) can be expressed as the change of kinetiic

energy per unit time. Thus,
. _ i L 22 (
Py T g e A vy e = W) 13)

From equations (1?) and (13), then, ore can express the ideal vaiue of

TV
. . s s 0 . nto . _
either propulsive elficiency = or static efficiency (figure of merit)

j) d = el Antden AL 41 e B s yuy Tl 2l .
¥ _559 in termc of the arca and velocity of the final wake. Thus, ihe

ol -3

ideal propulcive efficiency is simply

T ?0 5
s S 4
i £ o

(ak)

Furthermors, the propeller thrust TP can he sxpressed simply as the product

of nropeller disk area Aj by the pressure jump Ap across it. Application of
v
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Bernoulli's equation ahead of and behind the disk shows this pressure jump
to be equal to the difference between the initial and final dynamic prés—
- sure, so that

1 2

= 2 _
?p Ap - 5P (vf Vo

) _ (15)
and the above efficiencies can then be expressed in terms of the division
of thrust between propeller and shroud. Thus, in the static condition

(Vo= 0) the ideal figure of merit N%can be written as

_ T.\/TZI_&E—* r:l.—
more Vomm sV \1e)
i P

which states that the ideal figure of merit increases as more of the thrust
load is shifted onto the shroud. Similarly, the propulsive efficiency n,

can be conveniently evpressed in terms of the propeller thrust coefficient

21 PR Y ——p -

defined as

T . ,
Cp = 55— ' (17)

M. = » (18)

which indicates that the ideal propulsive efficiency depends conly on the

‘propeller loading coefficient. This development was demonstrated by Kuchemann

¢t
o

and veber (Refs. L) and L5) who introduced an incremental velocity & througt

v

the propeller :isk as produced by the shroud, Kichemann and Weber showed
further thav if the drag of the shroud is considered, then the propulsive

=ificiency depends on the overall loading as well as on the propeller loading,
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-so that the provulsive efficivicy becomes z function of 6., This fact was
Reference L6 in which the incremental velocity & due to the shroud

was actually determired by measuring the advance ratio for zero thrust

It is worth noting that none of the above eqtations offers either a
value for the ideal efficiency or ‘an explicit relationship between the
groretry of the configuration and its efficiency. In other words, these
momentum relationships do hot suffice to predict the performance of a
cucted propeller, At the present time, there appears to be no known

method of linlking the unknown wake characteristics (Af and vf) with the

t=

duct design without resorting to the method o singulérities (including
iteration) as discussed in the previous section. n or ef to avoid thise
difficulty, an aséumptiod is ordinarily introducéd into the“analysis re-
lating the duct exit characteristics with the final wake.

The most common assuwaption, forming what we shall cali here "simple

momentum theory" is that the duct exit area is equai tc the final ware

A *»Af). It can be shown, by applying the equations of ton-

area (i.e.; A_

tinuity and momentum to the wake itself., that this assumption also implies

that (1) the velecity dictribution at the shroud exit is uniform, and (2)

¢

the static prassure at the shroud exit is equal 4o that at infinity {refer-
rec to as ambient pressure). In other words, in simple momentum theory,

L S PR N T T M - B4 e
L 15 vaAKen 1o ve & CyLinari-

-

w enbtire chiorzcter of the wake 15 assumed.
cal wake of constant diameter, constant pressure, and constant velocity

from the duct trailing edge tu infinity downstiream. With this assumption,

since A. = A_, -ations (12) and (1Y) yield, for the static case (VO= 0),

i e
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a division of *»rust of TD/T = 1/2 AD/Aé. Furthermors, if there is no

diffuser, A= Ap and the division»of thrust Tp/T beéomes 1/2. Substi-
tution of this value into equation (16) then results in a valﬁe ofW[E
for thc ideal figure of merit,

¥xamples of the simple momentum theory discussed above are found
throughout the literature as applied to both axial flow {Refs. S51. 65,

82, 85, 91, 100, 102, 107 and 113) and non-axial flow (Refs. L9 and 89).
The non-axial flow casé is generally based on the assumption of an axial
slipstream at the duct exit, an assumption which is valid provided that

the duct chord/diamster ratio is sufficiently large and that the forward
speed is small compared with the wake velocity.

A second, less common and somewhat less restrictive assumption in-
regard to the final wake area relates the wake afea to the cross-sectional
area and diffuser angle at the trailing edge of the duct. This assﬁmption
has hreen discussed by Weinig in Reference 111 which brings out clearly the
importance of the charasteristics of the final wake. The mathematical
statement, which admits of some expansion of the wake behind the duct
trailing edge and is vased on the work of Trefftz (Ref. 103L:reads as

follows:

2

O | | (19)
where & 1s the angie of inclination of the inside sur
trailing edge with respect to the duct axis. This relationship and others
pertiﬁcnt to the wake have also been considered at some length by Kruger
(Ref. L1)., Tgyuation (19) above is, of course, in practice restricted to

small values of @ unless som¢ means of boundary layer control is applied.
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In some of the literature (e.g., Hefs. 60, 61 and 8L), ncither of the
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whick results in the simple momentum theory discussed
above, or else the problem is divided into varisusz regimes with only limit-
ing”cases treated {e.e.. Ref. 60). In any case, the fact remains that the
conditicns across the duct exit and their relationship to cverall ducted
propeller efficiency are as yet uncertain.

In an effort to achieve more realistic predictions of performance
than are sometimes afrorded by simple momenium theory, various authors
have introduced refinéments in‘the form of losses due to duct skin fric-
tion, blade profile drag, compressibility, slipstream rotation, etc.

(see Refs. 5, 10, 59, 6l ani 95). However, the basic assumption of
uniform velecity in the duct is retiained, and additiornal assumptions are

rdinarily introduced for the estimation of such items as the shroud

friction drag.

i3 Other Methods

The mathematical diffieculties encountered in the method of singulari-

tieg have led many investigators to seek approximate methods which would

render the mathematics more tractable and yet woul
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ct
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results than the simple momentum theory is capable of supplying. Efforts
in thic direction can Le generally divided into two major canegories:
(1) these placin~ cophasis on the propeller, and (2) those placing emphasis

H

on thes snroud,
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Tne former gronn tonds 4o start with blade-=lement theory, as developed
for open rotors (e.g., Refs, 31, 66 and 67) and modifies the blade-clement
theory to take some sccount of the influence of the shroud.

A number of paperc have been written in which hovering or axial floﬁ
is considered and the blades are designed as in a compressor. (See e.z.,
Refs. 6, 7, 8, 75-78, 107 and 108.) In many instences, the flow through
the propeller disk is assumed to be uniform (e.g., Refs, 6, 7, 8 and 107),

“and in this’case the ideal perfcrmance (i.e., with no losses) agrees with
that predicted by simple momentum theory,

In tilted forward flight (non~axial flow) the above apprcach can be
expected to yield reasonable results for cases in which the deflection of
the airstream caused by the shroud is relatively small, so that the ducted
ﬁropeller behaves similarly to a helicopter'rotor. This approach has been
taken, for examnle, bv Moeer and lLivingston (Refs. 66 and 67) who'developed
semi~emmirical expressioﬁs for the aerodynamic characteristics of ducted
fams in tilted forward flight.

Tne second =approach, in which the emphasis is on the shroud, usually
consints of an approximation to the'method of singularities., For example,
the shrcud may be represented approximately bty a single vortex ring. This
anproach iras taken for the case of axial tlow by Allen and Rogallo (Ref. )

whe assumed that the core of the single vortex had the same perimeter as
the airfoil secticn of the duct profile. The single vortex ring was also
used in Reference 89 to calculate the equilibrium pitching méments on an
isolated ducted fan in forward flight. It should be pointed out here that

the use 2f a single ring voriex and the assumption of a uniform velocity

2k
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d:stribution through the propeller are not compatible, cuing to the nature
of the wveloclty ficld induced by the ring. The single ring vorter has also
been used in combination with a single source {or éink) and with & distri-
bution of sources by Horn (Ref. 3lL) to represent the ducted propeller in
axial flow.

The case of the ducted propeller in non-axial flow.has been treated
as a ring wing by Minassian (Ref. 63}, who assume¢ that the propeller
28 on the shroud to cancel., He then applied
two-dimensicnal airfoil characteristics to predict the variation of total
normal force with angle of attack. These assumptions are evidently
approximately valid for small angles of attack and high advance ratios.

| An electrical analogue to the method of singularitleé has been
developed for three-dimensional pctential flow problems by Malavard (Ref.
56), who has applied this technique tc thz ducted propeller prcbleﬁ. The
boundary conditions are satisfied by the application of appropriate elec-
trical potentials at the shroud and at the wake bcundary which ic assumed
tc be of constant diameter.

In summary, it can be stated that the theoretical approach to the
ducted propeller problem has been established along classical lines, and
that Lhe malhematlical means ére 4l our disposai for solving this problem,
provided that either the shroud camber line or the shroud vorticity distri~
buticn is specified. However, there is ac yet no known r"tgod of calculating
either the optimum shroud shape or the optimum vorticity distribution for
best overall performance. Once the shroud shape ié determined and the

propeller position is spscified, the velocity distritution through the disk
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ard the required propeller twist can be calculated by exisiing or modiried

propeller design techniques (e.z., Refs. 75-78 and 108}.

A}

t»2 Experiment

The experimental work on ducted propellers which has bzen carricd
cut and published can conveniently be divided intc three categories which
correspond to the thre=s flight regimes of VIOL aircraft:

1) 3tatic operation (hovering flight)

2) Axial flow (high-speed flight)

3) Non-axial flow {transitional fiight)
Here again, as in section 4.1, w2 shall be concerned chiefly with ip—
vestigations of the fundamental aerodynamics of the ducted propeller.
Consecuently, experimental investigations whose only or main purpose is
to‘develop anvauxiliary control devize or tc investigate the characteristics
of a particular ducted propeller vehicle may be relegéﬁed to one of the
neXt two sections‘titled respectively, Auxiliary Devices and Related Problems.

The investigation of static performance lends itself nicely to outdoor
fuli-scale testing, and in some case3 this technique has been‘employed,
althourh extraneous air currents can cause some difficulty (e.g., ;ef, 82).
cr tochnique 15 e use of a scale model in a large room, out the
question of how large the room must be is not a simple one, and the answer
depends upon the disk loading of the model. This question becomes espocial-
lv pertinent when "static" data are obtained in a wiﬁd tunnel, as in the
case of Friper (RBef. lLl) who points out that his static data actually

corresponds to an advance ratio (tunnel spced/tip specd) of about (.03,
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causing noticeable effects on the calculated figure of mgrit, The very
fact that a.wind tumnel. is not required for performing static tests,
however, has generally produced a larger guantity of data in the static
regime than in the other two,

The axial flow regime is the one most familiar to propeller specialists
and is treated in many text books (e.i.; kef, 21), in which the appropri-
~2to tunnel wall correctiuns are derived for application to wind tunnel
measuremenis. Consequently, wind tunnel investigauiaus of the axisi flow
regime present no serious obstacles regarding the reduction of the data,

The non-éxial {fiow regime, on the other hand, presents a rather
serious problem in regard to wind iunnel testing. t low tunnel speeds,
with the duct axis inclired at large anéles’to the tunnel axis, the slip;
stream deflection caused by the twmel walls affects the entire flow field
surrounding the medel to such an extent_that the tunnel wall corrections
may becone Guilio lzrge, particularly at high disk lcadings. The usual
downwash correctioﬁs for wings arc not applicable because of the large
downwash angles involved and because of the completely different nature
of the vortex walks., At the presenl timc; there exists nc theory of wind
tunnel wail corrections tor ducted propellers in non-axial or low-speed
flow. Hstimates ars sometimes made of the tunnel wiall effects in the
static or hovering condition by testing both inside and cutszide the tun-
nel, but the wall effects at low tunnel speeds and high angles of attack
remain unknown.

Specifllic inlormation regarding the experimental researcn to dis-

cussed here has '~en arranrged in tabular form for each of the three regimes
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discussed above, Thus,Tables I, II and. III summarize, respectively, the
pertinent static, axial flow and non-axial flow tests performed on ducted
propellers up to the present time.2 The items listed in the tables fall
either into the category of parameters which were varied or of measurements
which were taken during the test. = The significance of these particular
variables and measurements will be discussed in the following paragraphs.

L.2.1 Parameters Varied

The large number of geometric variables listed in section L has teen

condensed into a few more inclusive categories in the preparation of Tables

e Ahawa /

~adva

I, II and III., Thug, "duct shapo" includes all s

‘diameter ratio, duct profile, leading edge radius, diffuser angls, etc.

Such a condensation seesms useful in the light of the large number of tests
conducted with zn arbitrarily chosen duct design, usually to investimabe
the effect of some other variabla, I% must be recognized, of course, that
the effect of (say) propeller location might be quite different in two
ducts of different design. Simiiarlyy one could arrive at misleading con-
clusions by attempting to predict the elfects of changing the propeller
blade twist by using data from another ducted propeller whose propeller is
1n a carierent axial lccation within the duct and hence in a region haVJng

-

a differsnt velocity distritution (Ref. L5).

?

“Because of the lack of knowledge regarding scale effects and wind .un:-

¥y

wall corrections, tests which were made outdoors or with full--:icale rcuelns

are noted in the remarks column.
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a. Duct shape

The tests in which the most systematic variations of duct shape over
a rather wide range were achieved appear tc be those of Stipa (Hef. 97),
Kriger (Ref. L), Soloviev and Churmack (itef. 9L . van Manen (Refs. 105,

jo]

106}, Kichemann and Weber (Ref. L6), xegenscheil, (R2f. 8€), an

Evane

€ tsz5ts except the

o
13}

(Ref, l).3 It is interecting to note that 211 of the
last (kef. 1) were restricted to axial fiow, and Reference 36 was further
restricted to the static case. On ihe other hand, Referecnce 1, which
includnd nen-axial flow, was restricted to small values of chord/diameter
ratlo; as were the experiments of Heference £6. At the other end of the
spectrum are the experiments of (Ctipa, which were resiricted te very large
values of chord/diameter ratio, Both the Russian (Ref. 94) and Dutch
{(Refs. 105, 106) experiments were performed in water, and the propellers
of the former were of essentially nautical design. The position of the
prepeller varied widely among the various tests, with no apparent atterpt
al a systemalic investigation of that parameter except in Reference 1.
Stipa's model had the propeller slightly ahead of the duct leading edge,
¥riger's propeller position varied, and Hegenscheit's was near the'duct
Lralling eure. The remainilg tests for which a check mark apoears in the
cuct shape column were generally limited to tests of only two or three

23]
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different ducls (e.g., Hels. ib, 26, 32 and 11 cr to gystematic varia-
Bes ¥ ¥ LY

L

tionz in one or two very specific detailsof the duct shape; for example,

loading edge radius, etc. (Ref's. L€ and 7Ii) or a given duct with auxiliary

'l
“wather detailed ciudies of the effects of 1lip shape on cowlinese (no

propeller inside the duct) are contnine. in Reference 71.
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b. Blade pitch

The importance of varying the propeller blade pitch setting in ducted
propeller tests can hardly be overemphasized. Since the theory cannot
reliabl& predict the optimum blade pitch, and since the optimum pitch must
depend upon the ducted propeller configuration, the significance of the
vesy 165ults may be severly impaired if the blade pitch is not varied over

a sufficiently wide range of angles to insure that an optimum pitch setting

improvements in performance are attributed to a change of another parameter
may be quite misleading if this requirement is not satisfied. For this
reason, two columns are cevoted to this item for the static and axial {low
regimes (Tables I and II), in which the criterion for an optimum pitch set-

ting has beern clearly establishad. That is. in the static condition the

‘attainment of a maximum fipure of mzrit M is synonymous with coptimum pitch

o . . . . . .
setting;” in axial flow, the attainment of a maximum propulsive efficiency
is the proper criterion, . (See section U.1,2.) In non-axial flow, with

the ducted propeller supplying 1lift as well as propulsion, the preper

it j d 4 } B evmar T ) s mee Ao L. _ -
criterion is nnt so ammaren et it would sgem that &

4
e vy - -

L.

It should be noted that the achievement of a uniform velocity distribution

at the duct exit deoes not nececesarily imply the atiainment of a2 maximum Tigure

o]

cf merit. The theory states only that the distribution of the final wake

must he uniform for minimum power expended.
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might be aﬂ;casonable measure cof effiéienc", where F is.the net propulzive
force of tne device. (This criterion was used in Ref, 18.) Ittwill be
noted from Tables I and II that the optimum pitch setting was not attained
in all tests in which the pitch was varied.

c. Propellers

Two columns of the experimzntal tables are de?oted to the wvariation
of propeller blade design and the number of propeller blades. In relatively
few cases were hoth the blade design (piauform, twist, ete. ang’the number
of vlades varied. In fact, for non-axial fiow, only in Reference 13 were
these pafameters ifaried° For static and axial flow, in some gases'(e.ﬁ.,
Refs. 13, L6, 58 and 87), one or both of these were varied, btut the pitch
setbing was fixed; in other cases (e.g., Refs, 2L and 58), Voth of thsse

propeller parameiers yere varied, but the duct shape was fixed in advance.

o3

By far the most common variations of blade design tested have bee
solidity (either blade width or number of blades) and blade twist, The
latter variable has evidently beer. the suirce of controversy regarding the
question of its importance in attaining high static performance. On the

one hand, the experiments of several investigators {e.z., Ref's, 13 and 58)

incica@a tnat, ovecause of lhe nonunilorm {iow at the propeller plane
(hizber velocity ﬁoward tﬁe blade tips) which is inducéd by the shroud,
the twist of the pronsller must be such as to mateh that vélocity'distri-
bulion rather than the often assumed uniform flow. References 13 d.58
ign of 2z 7iven

propeller. On the clher hand, References 18 and Ll show no such corres-

ponding improvements in slatic efficiency and indicate that blade twist
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is relatively uwnimportant. Reference 67 also indicates a rather small
effect of twist, except at the highest collective_pitch tested,

Thers are several points worth discussing in regard to this apparent
disagreement. First of all, in both References 18 and L1, the variation
of figure of merit with pitch setting was determined for each blads twist
by making direct measurements of thrust and power. Thus, the ﬁaximum
efficiency of ezxch propeller was directly compared. (These maxima may
occur at a different blade pitch setting for each propeller.) Neither
Reference 13 o1 Reference 58 shows fhe variation of figure éf merit with
pitch setting for each blade twist nor is ary statement made regarding
ths optimum pitch settinz for each twist. t is therefore diffizult to:

distinguish between the effects of twist and those of blade pitch.

«he2.2 Cuantities Measured

a, Total forces

In almost all the experimental work of Tables I, II znd III, the
total thrust or totél forces acting on the model were measured’directly.
A notable exception is the work of Grose (Ref. 26) in which btoth the pro-
peller and duct forces were measured.individually ard the sum was taken
25 the wotal foyre.s Another exception is the experimental work ¢f Hubhhard
(itef, 35) in which only the shroud thrust was measured, since the main

T

interest there was in the sound generation of dustad propellers. Hewover,

ro
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Hubbard's work contains practiéally the only data available on propeller-

shroud tip clearance effects.

b. Power

If the ¢fficiency of a ducted prepeller unit is tc be determined
gxperimentally, a direct measurement of the power supplied tc the pro-
peller is escential. Such a measursment is difficult, however, because
of iransmission losses, motor friction, etc. Almost all of the references
tabulated contain some sort of power mnasurem_nts, although some of these
are considered to be approximate. The free-flight tesis of McKinnej
(Ref. 57) contain no power measurements at all since the interest was
clearly focuscd on flight chiracteristics. In some cases (e.g., Ref. 11),
the power was estimated from the propellcr R and is not considered to

be accurate, It should be mentioned here that direct power measurements

\.
i

cannct ordinarily be satiofactorily replaced by slipstream velocity surveys
or by estimutes based on manufacturer's charts., It is worth noting that
the non-~axiel flow experiments of Parlett (Kef. 7L} contain rather exten-

sive data on the forces and moments but no power measurements.

¢, Total moments

LN B O e P U U SN ST S
'1\'.:’ wvile L Cllililg wnzilvo "'A'ﬂ.y LA o e T A

iteferences 17 and 36.
"In the static case, the assumption that the slipstream kinetic energy

is enual to the power input implies a compressor efficiency ns of 100%

(s=e page 7).
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These moments vere measured in all the references in Table III except in
the flight tests of Reference 57 and in the wind tunnel tests of Reference
26 vwhich were restricted to small angles of attack.

d. Division of fercss and moments

The division of forces and moments between the propeller and shroud
has beern less frequently determined, except in the static case (Table I),
alihicuzs this division is related to the overall efficiency (see ssction
2,2) and is certainly of importance in developing an understanding of the
flow fields associated with ducted propellers in gereral. The determination
of the forces on the duct is naturally simpler énd hence more common than
the determination of propeller forces., In fact, in the non-axial case
(Table III), References 67 and 26 appear to be the only ones in which direct

{f vhe forces aciivw on the nreneller were made, and Reference
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26 3id not measure the propallér normal force. In no case was the moment
acting on the propeller measured.

Since the forces acting on the duct can be datermined either from
pre<sure distributions or-from direct force meaSufements, and since the
results of these measurements must differ, oﬁing to friction losses at the
duct surface, the two methods have been distinguished in the tables. In
some tases (e.f., Refs. L, 3L, L1l. 82 and 9L), btoth msthods were employed
ag a rheck) which is; of course,'hi?hly desirable. Althourh preasure dis-

n l»’..‘

1
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D
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tritutions are extremely useful
it must ba reccgnized that direct force mecasurements are generally more

relinsble in determining the total forces acting on the duci. In contrast
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to ihe number .of duct force measurements, the moment acting on the duct was
measured in only one case (Ref. 18). However, the measurements of Reference
18 were no doubt influenced by flow separation which was ohbserved on three

of the four ducts tested.

e. Pressure distribution and velocity survey

The details bf the flow field are perhaps best exhibited when both
duct prossare distributibnS<and velocity surveys ineside or ocuiside the duct
are‘mude. IL can be seen ffom the tables that relatively few investigators
observed both of these items. Ia fact, 'in the non-axial tlow regime (Table
1II), Reference 67 is evidently the only one. Even in the axial {low regime
(Table II), there are only three cases (kefs. L, L1 and 58) irn which such
measurcinents were made. In the sﬁaﬁic case (Table T), a number of inveéti—
gators took nressure distributibn measurements and made velocity surveys.8

Oho of the moct detailed studies for the static cass is the early work
of Flatt (Ref. 82) who observed flow separatioﬁ from the duct leading edge
at low propeller RPM. . But in éxigl flow, Krﬁgef (ef. L1l) obtained pres-
sure distributions oﬁ a.numbef of different ducts boﬁh with and without
provellers. FKriper's report aléo contains limited smoke studies of the
wake behind ducted propellers. For the static case, perhans the most ex-
tensive collection of vclocity sufvoys within ths ducl (for a given duct

with various propellers) appears in a report by Colton {Ref. 13) who aiso

T
“It should be noted that reference 70, which apparently reports on one of
the most complote ducted propeller programs carried out to dale, does not

nresent any actual data cother than hoverine performance.
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mezsured the duct leading edge pressursa distributioh and presents somev
smoke studies 6f the propeller tip vortices within the duct. The work of
Bvans (Ref. 1) also contains some detailed velocity distributions in the
static conrition, as Wellvas some detailed duct pressure distribution in
nen-axial flow.

c"tll date which have been published

In surrary, the pertineni ex

3

on veoted propellers have been condensed into tabular form and discussed in

paragraphs, The purpnse of tabulating thess reports along

ct
by
H
[0)
3521
[o]
'—J
o3

with some of the more basic parameiric changes and mcasurmente is twofold:
first, it provides a brief outline of the test data contained in each re-
port and thus aids in ﬂhe salection of reports covering a desifed pzr;met_r
or type of measurement; second, by displaying the narameters varied and

the measurements taken, it shows the direction which the majority of ducted
propeiler experimewis have ilaken and, perhaps of more importance, indicats
the areas in which little or no testing has been conducted,

L.3 Comparison of Theory and Fxperiment

Efforts to compare ducted proveller experimental worl: with thepretical
calculations have fallen penerally into several dlstlnct c;tp rories, and
each of these will be discussed in order of nopularity. based upen the
survey conducted.

+

cormon of comparisons in the literaturs is the comparison of

obiscrved performance with that predicted by simple momentum theory. Since
the only reometric parameter entering into this theory is. the diffuser area
ratis, which is limited by the practical cenciderations of flow separation,

a wide variation n deaion narameters not corncidered din the theorv is nossible.
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As a result, thevagreement varies noticeazbly, indicating the importance
of other parameters. Perhans the classical comparison of this vype was
made by Platt (Ref. 82) who tested a very limited but somewhat systematic
szt of shroud shapes in combination with two counter-rotating propellers
of four-foot diameter under statié conditions out of doors. The agree-
ment in this case was good, with the best design tested showing about

5% of tire ideal static performance indicated by simple momentum theory.
Cn the other hand, the exhaustive experiments of Kriger (kef. L1) showed
poorer agreement with the simple theory, particuiarly for the chorissi
and longest shrouds tested. Friper's experiments (Which inveolved a model
of about 9,5 inch diameter tested in a L.l foot diameter wind tunnel)

wmors tha=n on:y

~ad could caryy significantly mors than 507

+ et v
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further indid b
of the total>stqtic thrust as predicted by simple momentum theory. (In
Kriger's tests, one shroud carried 65% of the thrust.)

Comparisons of experimental results with the more ’sophistica.ted
theoreticnl method of singularities are naturally more spﬁrsely‘scattered
through the literature, since a large number of variables are involved and

the célculations are correspondingly more difficuli, a sesparate lengthly

calculation being reguired fcv cuch configuration. Very of ten, because of

n

the naturs ol the analysis, cbmparisons of theory and exporiment are mede
on the basis of & parameter which is not ordinarily m&asuréd. Yor example,
the "internal" advance ratio may be‘used instead of the ordinarily measured
edvunce ratin based on flirht (or tunnel) speed. Examplés of comparisens

of e~xpariment with the method of singularities can be found in References

1, 1% and LE.
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A third approach is the use of experimental data tc provide empirical
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constants to complete an analysis based on semi-empirical methods.
approach was ‘taken by Moser and Livingston (Ref. 67) and by other investi-
gators who have proposed modifications to momentum theory to account for
various losses (e.g.,.Refs. 5 and 10).

Perhaps the most desifable type of comparison is that‘in which a
theory is first.dpveloped for an optimum design which is then built and

rgted and the performahce compared with that predicted by theory. At

the present i.me, there is no theoretical method which yields an optimum

are availablel” T T e

sogli, Su Lo Such compariso

Lol Auxiliary Devices

Since many of the proposed VIOL thicles employing ducted propellers
rely on the ducted propellgr for both 1lift and propulsion, and since much
cf the ducted propeller work in this country has é mphasized vehiclco design,
considerable work has been done in developing auxiliary aerodynamic devices
to augment thrust‘and to provide the pitching and rolling moments nececszary
{for aircraft control. Although such devices are not considered to represent
an integral part of the ducted propelier~problem, it is felt worthwhile to
mention and document the developments along these lines. Additional infor-
mation pertaining to some of these investigations can be found by referring
tn Tables I, II and T1iI.

Because of the apparen+ CCHleuEln" duct design requiremsnts for
sta ‘¢ operation and hipgh forward filipni specds (in essentially axial Iflow),
i hma.loﬁr bhoar £o1it that some type of variable p 2ometry inlet might be

required for duct.d propellcrs to give good efliciency throughout the speed
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range, As a result, a rumber of auxiliary devicas, inocluding bhoundary

' layer control and cirgulation control, have been proposed for improving

the static performance of dthed propellers, In particular, retractable
flaps and slats have been tested by Xriiger (kef. 41), Johnson (Ref. 37),
Regenscheit (Ref, 8%} and others,9 and a considerable amount of work has
been done with distributed suction BLC (Refs. 12 and 8L) and with auxiliary
vanes and stators (Refs, 6, 7, 8, 9, L1, 87 and 113). More recently, axperi-

mevig have been carried out in which attempts were made to expand the waxe

{or induce more flow throu,h thn dust) hy b’wv1np outward at +hp Hur+
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alllng edgc \Ref 83) In cases wheré the original design exhibited low
static efficiencies to begi‘ with, irprovements were sometimes obtained
with boundary layer control (Ref. 12). However, in no case has it been
conclusively shown that any of these devices produced a higher ctatic
thrust per total hcrsepower irput at a given disk loading than that
measured by Platt for the bare ducted propsliler.

Perhaps the iargesf portipn of work along the lines of auxiliary
devices has been in the direction of zlleviating the large nose-up pitch~-
ing moments developed on a dﬁcted propeller‘which is moving through the
air in a direction essentlally normal to its axis. This problem is of
nartienlar eoncern in anch vehinlra aa flvine nlatforms and aerinal Je

(Refs. ., 2, 18, 23, 59 and 89). in which some means must be provided to

“sheets (Ref. 92) did some work on slotted tlades for‘compressors which

misnt he amnlicavle to ducted propellers.
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supply the moments necessary for trimmed horizontal flighi. Consequently,

a number of investigators have tested a great variety of inlet vanes

20 2L, 53, 88), exit vanes (Refs. 1, 20, 22, 23, 2k,

(£ >y b} [a Y] no .
\IELS. 43 cU, Loy <o, <y

un

33, 52, 53, 57, 59, 88,, spoilers (Refs. 11, 1, 23, 53),>deformed ducts
(Ref. 1) etc., in addition to ‘the helicopter-type controls of cyclic
(Ref. 59) and differcntial collective pitch {Ref. 1).

Such suxiliary devices generally have a deletefious effect oﬁ tne .

overall efliciency of the ducted propeller in both hovering and fdrward

Y e et et 3 e on £ e 4T
SR TNPRC FO RS 5 J ) YO, ARSI S 8 3

1w

& ‘
a compromnise between performance and control, and the losses in efficiency
associated with each'auxiliary device must be determined. This reguire-
ment has, in fact, been the iﬁpetﬁs for many of the above investigations,

and the results have varied according to the particular vehicle involved.

L.5 Related Problems

In connection with ducted fan VTOL vehicle design, stability and
control have represented major problems, although they are not actuallyr
a parv of the basic ducted propeller problem, being more intimately tied
to a varticular arrangement. Several rather thorough dynamic stability
analyses have been carried out (e.g., Refs. 1, 23 and 25), but it must
be remembered that the significance of a dynémic analysis is tempe:ed by
the reliability of the aerodynamic stability derivative dat# upon which

+

it is Lased. In general, reliable stability derivativer are net avail-
able, nor are methods available for predicting them theor=ticaliy. Two

reasons for the lack of such data, of course, are the large rumber of
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variatles involved and the large number of points required to give accurate
values of the slopes of the aerodynamm data curves. Difficuities with
longitudinal 1nstabllit1es have been found for single-duct flying platforms
in forward flight (Refs. 3, 25 and 93}, and similar difficulties with
lateral instabilities have been noted for muitiple-duct serial jeep vehicles
(Refs. 1 andi 23).

The development of multiple ducted propeller vehicles has introduced

n

nurber of problems which are not necessarily fundamental to the ducted
_propellar iteelf, . From thn gfnndnoin+ of aerodvnamlcs. all of these proo-
lems are cmbodied in the problem of aerodynamic 11tcr1efenc; o? the R
interaction cof cne ducted propeller upcn another. This problem is closely
related to the detenninatibn of the entire flow field produced *v a single
ducted propeller, and a limited amount of work has been done on the inter-
ference problem itsclf, elt < by testing a ducted propeller toth alone and

in the presence of a second ducted propeller (Ref. 1), or by %esting two

ducted propellers in both the tandem and side-by-side configurations (Ref. 23).

problem is the so~called fan-in-wing concept. Here the fan is embédded in

a wing surface with its axis essentially normal to the plane of the wing.

dn e Ala DL
w0 UGS Wil 24l

The ldea in uslng such A arrangemneny VICL aircra aft

o7 VIOL airer

k)

for take-off and landing and rely on the wing for zerodynamic 1ift at high
speeds.  The problem here is somewhat different from the pure ducted pro-
pelier procvlem in scveral respects, and for this reason, such arrangements
will not Lie considered in detail in this report. The priﬁary differecnce
(ir. the static condition) stems from the additional surface {(the wing) and

the ascoclated very vestricted length of duct for such "ducted" propellers.

.
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‘The wing surface inhibits the flow over the shreud leading sdge and pro-
duces a differenf flow field at the duct entrance. Sinée the propeller
is, of necessity, located near“this duct entrance, this also changes the
flow through the propeller and rendsrs it perhaps more suscertible to

asymmetric dynamic loads in low-speed flight. Published material (pri~
marily experimental) can be found in References 20, 2L, 27, 32, 67, 102,

109 and 110.

concern in all VTQL designs. In the case of the ducted propeller, ihe

ground effect is somewhat complicated by the fact that the effect on

S (LT

Ui propelier TSIl LeRitierent Tron the
investigations have been made of the ground effeczt on the performancs of

ducted propellers in various arrangements (Refs. 1l, 54, 67, €9 and 86) and

nf propeller thrust and a decrease in duct thrust as the ground is ap-
proached. Conscjuently, it might be expected that the ground effect on a
ducted propeller arrangement will depend on the configuration, and the
ground effect on a fan-in-wing arrangement might te quite different from
that on a ducted-propeller arrangaer~nt becausge of the.pressures induced
on the wing,

It is, in fact, for the above reaseons that the fan-i-wing concept
itself is considered to be outside the scope of the present report, and
none of the experimental reports dealing exclﬁsively with fan-in-wing

rrangements have been entered in the experimental tables. On the other

L2
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hahd; experimental work on both multiple-duct arrangements and ducted-
propeller ground effect hacs been included with the isolatéd ducted

‘propeller work and can be found in Tables I, II and III.
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5. STATE OF THE ART - CONCLUSIONS AND RECOMMENDATIONS

A thorough search of the évailable'literaﬁure from all parts of the
globe has uncovered a total of 216 repcfts, papers and nctes pertaining
to research on L”*Cd prsp*llers A study of these reports has
that, of the orlglnal 216, 12); contained research 1nformat10n pertaining
to ducted prepellers per se, as distinguished from compréqsdrs, propellers,
rotors, and ring wipgs, and these are listed alphabetically.in the list pf
roferences (saction €) Of these 12k references, 37 which contain pertinent
experimental data have been summarized in tabular form (Tables I, II and III)
to indicate the typcs of investigation which have been made and areas in
which experiménféllaatévérnllacking, A discussion of the various items
appearing in Tables i, II and IIT 1is contained in section L.2. The theo-
retical work does not lend -itself to a similaf-tabular summary, owing to
the many subtle but important differences of_approach used by the various
authors. However, ‘tvhe. »méthcda enp.Lo-md can he generally classified as
falling into one of three categories: the classical method of singulari-
ties, momentum methods, and "other methods" in which attempts are made éo
frrnish more detailed information than the momentum'theory without resort-
ing to the somewhat cumbersome method of singularities.‘ Bach of these
categories has been ulscussed at some length; and‘vafieusvpapcrs havs
singled cut for‘closer scrutiny in section L.1.

As a result of the critical cvaluation of the 12 reporis selected

for study, the following general conclusions and recommendations are made:

1. Owing to the nature of the flow field prodiuced hy the




propeller, the propeller shiroud problem is distinct from beth

the plane airfeil and_ring wing problems (particularly in the
static condition). It can therefcre Hardiy be expected that
an airfoil shape which was developed for a completely different
situation (i.e., wniform undisturbed flow) would be suitablc for
this application. Consequently, the development of a highly
efficient shroud shape appears to require a systematic experi—
mental program of similar magnitude to those carried Ouu for
the development of an efiicient wing profile shape. Further-
more, each shroud shouid actually be tested in combination with
a propelicr designed for that shroud. Initial efforts in this
direction have beoen made by Stipa in Italy, by Kruger in Germany,
and by Solqvie? and Churmack in the USSR, bnut these investigations

were limited to axial flow and were not aimed at VTOL aﬁml ons.

"2, The ducted propeller problem is also distinct from the com-
pressor problem. A good compressof is therefore not necessarily
a good ducted propeller. “That is, a device which produees the
largest pressure increase for the smallest expenditure of kinetic
energy does not necessarily produce the most static thrust pef
‘horsepower at a given disk leadins. Ths sssential difference arises
from the importance of the distribution of thryst between ghroud

and propeller, It san be shown mgtheme c2ily that an effL01ent
ducted propeller must earry as large a portion of the total thrust

on the shroud as possible., This is the primary reason that the

nost cfficient ducted propeiiers thus far developed for static
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operation have not heen those employing the so-called bhell-mouth

shroud share as was expected earlier.

3, Tn spite of the very elegant techniques which are available

with the ducted rropeller problem as a distribution of

for dealin

$L+]

elementary vortex rings (method of singularities), either the shroud
vorticity distribution or the shroud shape must be assumed. There-
fore, neitﬁer the optimum vorticity distribution nor tlie reguired
shroud ghape and preopeller degign are known &t this time. Tven

the ideal perfermance to be expected of such an optimum design is

unknown.

L. The relationship of the final wake characteristics to conditions
at the shroud exit is unknown and is ordinarily assumed in applica-
tions of the‘momentum theorem in ar affdrt to obtain explicit results.
T% is this relationship that would se: . to require investigation and
may provide the missing link for det... *=inp - -vtimum design by

the metnod of singmlarities, That is. 1- - . Luald “=termine an

optimum velocity distribution at the duct exit which would assure

optimum performance by generating a uniform final wazke of maximum

culd deziom an op

crneneaerntional aren. then ons o

GOare
by the methed of singularities and an optimum propeller for that

shroud by exicling propeller uesigh tethridues,

5. The static performsnce predicted by "simple momentum theory"

{i.e., zusuming a wake of cons<izrit diameter) has sssontially been




achieved by Fiatt (Ref. 82} without eitﬁer high-solidity»fans or
bell-mouth duct. However, whether or not this-theory represents

the best possible static performance, and, if not, how to improve

or it, remain open questions. For the high sneed regime (i.e.,
axial flow), Grose (Ref. 26) has measured propulsive efficiencies of

ALY

0.69 at a free-stream Mach number of 0.6.

6w The importance of soale effact on ducted propeller characiers
intinn han appareantly rannived 1ittlo Mt@nti.o;m "yporimental
data on peometrically similar models of different scale (in suf-
ficiently large wind tunnels) are needed for the proper evaluation

of scale effect,

7o A numbsr of investigators have studied special ducfed pro-
peller problems such as the effects of diffuser angle, propeller
solidity, propeller position, tip clearance, blade twist, etc.
in most instances, however, these effects were studied under very

)
special circumstances (e.g., fixed-pitch propellers, specified
shroud, etc.) so that it is difficult to draw any generaliconclusions,
It does appear that there is agreement on one of these effects:
specificaliy, th;t exnesaive tip clearance has a deleterious effect
on performance. The effect of blade twist ir a subject of contro-

versy, since conflicting results have been,cbtained'by different

investigators (e.ge., Refs. 18, i1 and 13, 5B8).

e Simple comparizon plots of ducted propaller static performanue

in which fulle-scale flying test beds and wind=-tunnel models are
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directly compared can be guite misleading, owing to iifferences
'in transmission lesses, possible scale effects, and different
methods of applying corrections to measured values of thrust and

power. Therefore, no such compzrisons have been presented here,

9. There appears to be little agreement regarding the ﬁype ef
corrections (if anr) to be applied to ﬁind-tunnel data for ducted
prépellers. No attempt has been made to develop tunnel wall
corrections for ducted propellers in non-axial flow, althcugh
static tésts of the same model inside and outside the wind tunnel
have indicated differences in thrust of the order of 15% even at

relatively low disk loadings (e.g., Ref. 67).

In view of the interdependence of the effects of the various para-
meters, it is considered sssential that the effect of each variable be
investigated under variahle coﬁstraints, Thus, if, for examiie, it is
pronosed tc investigate the effect of tip clearance on the sbatic per-
formance of ducted propeliérs,'one should also

a) vary p

wAavs ]
AN -~

peller pitch setting to determine ontimum setting for

ier p ng
e&hc%e,

b) test effect with several systematically related shroud shapes
designed to avcid separation,

¢) vary propeller position within the shroud,

d) vary propeller twist and planform,

¢) measure total thrust, shroud thrust, power supplied, shroud

precsure distribution, and velocity distribution ahead and

behind the proneller.

L8
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but the ducted propeller problem cannot be satisfactorily handled by
testing isolated effects with all other variables fixed. The results of-

such tacting can he seen throughout the literature, Additicn of any new

parameters (e.g., boundary layer control} further intensifies the need
for a more general investigation.

1t should be pointed out that for many of the questions (hoth exyeri-
mental and tﬂeoretical) discussed above regarding the aerodynamics of
ducted propellers, even a static investigaticn would be useful, thereby
reducing the number of parameters by two (advance ratio and tilt zngle).

Parfoarmine the tests either outdoors or in a sufficiently large room

has the additional advantage of eliminating tuﬁnelvwall.effecis.

L9
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LIST OF AGENC1ES, IUSTITUTIONS AND COMPANIES CONTACTED FOR SURVEY

.
P

1. Ue oo GCvernment Organizations
Armed Services Technical Information Agency, Arlingten, Virginia
Bureau of Aeronautics, wWashington, D. C.
Qureau of Ships, Washington, D. C. |

David Taylor lModel Basin, Washington, D. 0.

National Aeronautics and Space Administration, Langley Alr iFoice

Dase, Virginia

Office of Naval Researéb, Washington, D. C.

Transim:tation Resenrch and ¥ ‘neering Command, Fort Tustis, Virginia

)

YWright Air Development 7 -...er, Wright-Patterson Air Force Base, Ohio

1de
vde

2. U, 3. Universities

Georgia Institute of Technoleogy, Atlanta, Georgia

The Jehns Hopkins University, Silver Soring, Maryland
Massachusetts Institute of Technology, Camoridge, Massschusetts
Mississippi State College;»Stafkville,'Mississippi

Poiytechnic Institute of Brooklyn, Brocklyn, Mew York

Princeton University, The James Torrestal Research Center, Princeton,
New Jersey

Stanford University, Stanford, California

University of Wichita; Nepariment of Engineering Research, Wichits,
Yaroag

b
s

3. U. 3. Companies

Aerophysics Development Corporation, Santa darbara, California

e
T

: e

. —

- T
u T T -
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Lis

Bell Aircraft Corporation, Adrcraft Uivizion, Juffalo, New York

™ f [T
i, .'!C:'th, Tecxas

£ell Heliconter Corporation,
Chrysler Corporation, Defense Tngineering Division, Detroit, Michigan
Collins Aeronaufical Research Laboratory, 'odar Hapids, Iova

Cornell Aeronautical Laboratory, Inc., Buffalo, New Yook

Curtiss @right, Corporation, Propeller Division, Calcwell, lew Jorsey
2cak Aircraft Cempany, Inc., Torrance, California

Ezstern Research Group, New York, Wew York

Aireraft 2ivision,

(&9

Fairchild Engine and Airplane Corporation, Fairchil
Hagerstown, Maryland

Fletch-Aire, Inc., Newton, New Jersey
General Tlectrin Company, Flight Propulsion Laboratory, Cincinnati, Chio
General Motors Cofporation, A11ison ﬁivision, Dayton, Ohic-
Goodyear Aircraft Corporation, Akron, Chio
Grumman Aircraft»Engineeriﬁg Corporation, Bethpage, Hew York
aman Aircraft Corporation, Bloomfield, Connecticut
Longren Aircraft Company,'Torrance, valifornia
Piasecki Aircraft Cerporation, Philadélphia,‘Pennsylvania
Riyan Aeronautical Company, San Diego, California

‘nited Aircraft Corporation, Hamilton Standard Division, Windsor Locks,
» ~ + g

pe

inited Aircrafi Corpor on, Research Department, Tast Fartford,
Connecticut

-

Vervol Alrcrall Corporation, Morton, Pennsyivania

Foreiygn Crganizations

e

delhourre

T

S
o
73
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L$1
s
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Australia: fnstralian Council for Aeronnuiics,

L
(50




Relrd o

Canada:

Denmark:

FranGee;

Germany :

Great Britain:

Greece:

Iitaly:

Jaran:

/
Centre National d'Rtudes et de Recherches Aero-
nauthues, Bruxelles, Belgium

Defence Research Board, Department of Natlonal
Je ‘ence, Ottawa, Canada

University otf Toronto, Toronto, Canaua

“’3Ltarv Research Board, Defence Staff, Kastelleu,
;n%_ger g; j@.u?’

. » - 3 . N s
Office Naticnal d'Etudes et de Recherches Aero-
nauvtiques, Chatillon-sous~Bagneux (5eine}, France

Deutche Forschungsanstalt fur Luftfahrt e.V (IFL),
Institut fur Flugmechanik, Brauvnschweig, Flughafen,

Germany

Lehrstuhl und Inst1tu+ fUr &ngerandte Mathenatils,
Technische Hochschule Karlsruhe, Karlsruhe, Germany

Iehrstuhl fur Flugzeuzbau an der Technischen Hochschule

Ndwad d e 4
UUUC LAl vy, a4t bg~w+’ C:rp:ryv

Zentralstelle der Luftfahrtdokumentation (ZLD), Munchen,
Flughafen, Germany

Zentrale flr wissenschaftli~hes Rerichtswesen der I¥L,
Mulheim/Ruhr, Ger any ’ ‘

British Joint Serviges Mission, Washington, D. C.

Ministry of Supply, London, W.C.1l, Fngland

R2011s Royce, Ltd., Derby, Gngland

Royal Aeronautical Scciety, London, . 1, England

Royal Aircraft 2bl ighment, Farnhorough, rHants, fngiand

" lireesk National Defence General Staff, B. KHEO, Athens,

Greete
Director of Aviation, ¢/c Flugrad, Reykisvik, Iceland

Centrecl Consuliive Studi e Ricerche, Ministero Difesa,
Rome, Italy

Physical Society of Japan, University of Tokyc, Tokyc,
Japan ‘

L
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e A e
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Luxemburg: Luxembury Jelayatlon to NATO, Paris, France
Netherlands: Netherlands Delega*fon to AGARD, Delft, Folland,
Netherlands

. AL s y ol
The Netherlands uhlp Modeld Bu(u.“, -v%cu.;.ust,-,,.

Metherlands

Norway : Royal Norwegian Air Force, Oslo, Norway

Portugal: Subsecretariado da Istadoc da Aercnautica, Lisbon,
IZ qn,.
ortu

Turkey: grkanlnarulye¢ Urimiye Riyassti, I[1mi Istisare
lxﬂnlmmmhmm Ankara, Turkey

Union of South African Council for °c1enth1c and Indus»rlal

Scuth Africa: ftesearch, Pretoria, linion of South Africa

Best Available Copy
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DUCTED FAN SYMPOSIM

i

fiakisiny

A symposium was held at the Massachusetts Institute of Technology

[Tt

on December L, 5 and 6, 195¢, for the purpose of promoting an exchange

: of information amecng the various workers in the field of ducted propellers.

bakihess)

The symposium was sponsored jointly by the United States Army Transportation

[

Corps and the Massachusetts Institute of Technology, and was attended by

representatives of the following organizations:

e

3ell Aircraft Corporation, Buffalo, Wew York

howiney

.3

Bell Helicopter Corporation, Fort Worth, Texas

B

Burcau of Aeronautics, ‘Washingtcn. D. C.

Chrysler Defence Engineering, Detroit, Michigan

B dag

Collins Radio Company, Cedar Rapids, Iowa
Cornell Aeronautical Lahoratory, Buffalo, New York

n

David Taylor Model Basin, wWashington; D. C.

JESEEN
.

Doak Aircraft Company, Torrance, California

v

General Electric Company, Cincinnati, Ohio

B bsraed

Gecrgia Institute of Technolooy, Department of Aeronauthal Engineering;
Atlanta, Georgia

Joodyear Ailrcrafi Jorporaiion, jkron, Onio
Grumman Aireraft %n nginesring Corperation, Bethpage L.I., New York

Hamilton 3tandard Division, United Alrcraft Corporation, Windsor Locks
s 3 3
Connecticut : )

Hiller Aircraft Corporaticn, Pale Alto, California

~

Langley Research Center, WASA, Langley Alr Force Base, Virginia

Q\




made

Massachusetis Institute of Technology, Cambridge, Massachusetts
Mississippi State College, Starkville; Misszissippi
Hational Researen Council, Ottawa, Canada

Office of Chief of Research and Development, 1, &, Army, Washington,
D] n

Office of Chief of Transportation, U. Z. Acmy, Washington, L. C.
Office of Naval Research, suthington, D. C.

Princeton University, Princetoi, New Jersey

Plaaeck; Aircraft Corporation, Philacelphia, Penneylvania

Research Department, iiited Aircratt Corporatiun, East Hartford,
Connecticut

Transportation Research and Engineering Command, Fort Fustis,
Virginia

University of Wichita, Wichita, Kansas
Vertol Aircraft Corporation, Morton, Permnsylvania

Aright Air Developmant Center, dright-Patterson Air Force Dase,
Dayton, Ohio

As a result of the above symposium, the papers listed below were
available to the participants:

Campbell, J. P.: Ducted Fan Resesarch at the NASA-Langley Research

| SIS SN PR

Center. (Copies unavailable)

(nhllier, W. Re: Notes on a Convertible VIOL fropulsion System.
General Vle\.trlc Companz, Flight Propnisinn Lahorstory Dernartment,
(Ava‘lqblo copies limited o 25)

Anon.: rreliminary Test Results of a Twin-Chrouded Propeller
Arrangement,  Cullins Radio Company. {Cories available)

Anon.: ST

QL/VTCL Research at Cornell Asronuutical Le
(Cories ava

;
JUTC
ilable through Cornell Aero Lab Lihrary)

Anor..: Shrouded Prop°11pw Investigation at the David Taylor Mcdel
Jasin. (Cories available)

69




Corten, J. V.: Chrysler Defense Engineering's Work in the Ducted
Fan Field. (Available copies limited to 30)

Grahame,>W., E.: A Review of Ducted Fan Research at Grumman Aircralt
Zngineering Corporation. - (Coples unavailable - same matetlai in. TAS
"Repert 59-39, see Reference 20

Grose, R. ¥.: Report to the Ducted Fan Symposium on an Investigatior
‘of Shrouded Fropellers Conducted by the Research uef"'r’tment of Unitea ,
Asrcraft Corporation, Report UAR-CLOL. (Paper includ=d ir Refurence 2p) j

Anon.: Summary of Hamilton Standard Activity on Shroudzd Propellers
for Period 1957 - 1958. (United Aircraft Corporstion {Digest of:
Rohrbach, C.: . Analytical Study to Deftermine the Important Parameters
of Vertical Lift Shrouded Propellers, Hamilton Standard, Division of
United Aircratt Corporation. WADC Technlbal Repor 58-262, May, 1258,

{ASTT4 AD 155 589))

Jackes, A. M.: Ductnd Propeller Develouments at Bell Aircraft.
(Copies available) ‘

Johnson, R, 5. Jr.t The Ducted Fan as Applied to the Convoplane ;
Concept., Goodyear Aircraft Corporation.<(Copies available) ;

Anon.: Ducted Fan Research at Mu.ssachuqettc Institute of Technology.
(Copies svailalie)

Nelson, N, E.: The Ducted Fan in VIOL Aircraft Design.  Doak Air-
craft Company, Inc, (Copies available)

Anon.: Ducted Fan Research at Pr nceton University. (Copies available)
Rasp=ai, A.t Duvtod Prope;s** ‘Studies at Mississippi State University,
Research Note No. 7. ({Available v loan) » ’

Sissingh, G. J., Suacks, &. H.,: Comments on Present Ducted Fan Research
a+ the Advanced Resear“h Division of Filler Aircraft Corporation..
{Copies available) '

Sterniawski. W. Z.: Vertol's Work in Ducled Fans - Resume of a
Presentation fivan at MIT Ducted Tan Syinposium, (Co ies availabhle)

datison, R. Ko: JSome Results of Wind-Tunnel Tests of Shrouded Pro-
pellers, Imiverszity of Jichita. {Jories unavailahls)
N
Best Available C
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LIST OF SYMBOLS

s

ISl

o
-

Fres-stream or flight velocity

Duct exit areca
Final wake cross-sectional area (at infinity dounstream)

Propeller disk area

m

: ’ T
rropeller thruse coeffirians i————E§~—~' : o .
j: o - O g A : N
S N oA ) J p

] . ' i/":‘l.nl
Statin. jgure of mer.w, ¥ \ e

Power input to frbpéliér'

Pressure jump across pfopeller disk
Total,thrugi;(;gi;ﬁ?'LL;”;, |
Proveller ‘thrust (égiél)

Axial vé]ccitt at pfépeller disk
Final wake velocityv(gxial flow)

,Tv

. . S (o]
Propvlsive efficiency (axinl flow),’ 2

slipstream kinetic energy
power input

Static efficiency,

Fluid mass density

Subscript

1

R P

=

Ideal
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1.

Origirating Agency und/or Monitoring Agency:

Oe A.: Hiller Aircraft Corporation, Palo Alto, California
Fi. A,: Office of Naval Research, Air Branch, Washington 25, D. C.
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